The outcomes of past research concerning the role of floral symmetry in plant-pollinator interactions are mixed. Field manipulations of plants, as well as experiments using artificial arrays, have found evidence for and against a direct relationship between the degree of floral symmetry and subsequent reproductive success. In this study, we test the hypothesis that deviations from perfect floral symmetry in Impatiens pallida (Balsaminaceae) result in direct fitness costs. In two field seasons, we manipulated experimentally floral symmetry in separate populations of plants and measured seed set. We did not address any possible effects of floral asymmetry on male function. We found no significant differences in seed number per fruit among control, symmetrically cut (30% on both lobes), asymmetrically cut (60% on left lobe), and severely mutilated (100% on left lobe) flowers in the field. Post hoc power analyses show that a prohibitively large sample size would be required to detect the observed differences in seed set among treatments. Moreover, the magnitude of the observed differences among treatments is biologically irrelevant. We conclude that the degree of floral symmetry does not affect female reproductive success in this system.
Introduction
The tremendous diversity in the morphological and physiological characteristics of flowers has intrigued biologists for centuries. One of the most striking features of angiosperms is the symmetry of floral traits, and there is a long history of research on the diversity, development, and adaptive nature of symmetry (Endress 1999) . The evolution of zygomorphic flowers (bilateral symmetry) from actinomorphic flowers (radial symmetry) is thought to have occurred multiple times (Takhtajan 1991; Donoghue et al. 1998) , and recent sistergroup comparisons suggest that zygomorphy promotes increased species richness in zygomorphic lineages compared with actinomorphic lineages (Sargent 2004) .
However, field studies have produced mixed results with respect to whether pollinators perceive floral symmetry and whether floral symmetry leads to better pollination and higher reproductive success (Møller and Eriksson 1994, 1995; Lehrer et al. 1995; Møller 1995; Giurfa et al. 1996; Midgley and Johnson 1998; Møller and Sorci 1998; West and Laverty 1998) . For example, a series of studies in Epilobium angustifolium (Onagraceae) have established that bumblebee pollinators preferentially visit symmetric flowers over asymmetric ones in both experimental and natural settings, and it appears that this preference for symmetry may be driven, in part, through a positive phenotypic correlation between nectar production and the degree of floral symmetry (Møller 1995; Møller and Eriksson 1995) . Conversely, manipulations of daisy flowers (Midgley and Johnson 1998) and studies of bumblebee behavior in patches of artificial flowers (West and Laverty 1998) have both failed to find evidence of pollinator preferences for symmetrical structures. Assessing the effects of floral symmetry on pollination ecology is the first step toward better understanding the potential for pollinator-driven speciation (Waser 1998; Sargent 2004 ) and whether symmetry is maintained through pollinator-mediated selection via a link between fluctuating asymmetry and developmental instability (Møller and Eriksson 1994; Møller 1995; Evans and Marshall 1996; Møller and Shykoff 1999) .
In this article, we report data from two field seasons in which we manipulated the degree of floral symmetry in Impatiens pallida and asked whether there was an association between the degree of floral asymmetry and female reproductive success. We expected that our corolla manipulations might influence seed set by affecting the attractiveness of the flower, the ability of bumblebee pollinators to forage on a flower, or both. We find no evidence to support the hypothesis that the production of symmetrical flowers yields greater fitness than the production of asymmetrical flowers. These results contribute to a growing body of literature that shows there is no strong adaptive reason for the production of symmetrical flowers.
Material and Methods

Species and Study Areas
Impatiens pallida (Balsaminaceae) has chasmogamous flowers that are bilaterally symmetric with two lower elongated lobes and a saccate sepal ending in a tubular nectar spur. These flowers begin to open in late July in southern Indiana and spend 3 d in male phase and 1 d in female phase. During the male phase, the stamens are united into a cap that covers the stigma. Soon after the anthers dry and present pollen, and the androecium drops off and exposes the receptive stigma. This mechanism prevents autonomous seed production. Ovaries typically contain three to five ovules, and fruit production typically continues through mid-October in southern Indiana. Bumblebees (Bombus pennsylvanicus in our study) are the primary pollinators (Rust 1977; Randall and Hilu 1990) 
Experimental Manipulations of Floral Asymmetry
We manipulated first-day flowers with a series of cutting treatments to assess the effect of floral asymmetry on seed production ( fig. 1 ). Flowers in the first treatment group (symmetric) were trimmed with a pair of scissors to remove ca. 30% of each lower lobe, creating flowers that were more symmetric and smaller than normal. In the second treatment, we removed ca. 60% of the lower left lobe alone (asymmetric) to create flowers that were less symmetric than normal and had approximately the same amount of petal area removed as in the first treatment. We also removed the entire left lobe (severe) and handled petals as in the other treatments without cutting them (control).
In 1998, four haphazardly chosen flowers on each of 25 plants in CBNR received one of the four treatments. Flowers were marked with a thin piece of marking wire for later identification and were left to receive pollen and set fruit naturally. Because of the delicate nature of the petals, we were unable to measure them carefully before performing the treatments. To check the accuracy with which we cut petals in the field, we pressed the cut tissue between a sheet of overhead transparency film and clear tape in the field and measured each with a set of digital calipers to the nearest 0.01 mm. The mean and standard deviation of the amount of tissue removed from the left and right lobes in the symmetric treatment and the left lobe of the asymmetric and severe treatments were 5:27 6 0:818 mm, 5:27 6 0:853 mm, 9:95 6 1:440 mm, and 14:86 6 1:902 mm, respectively. Beginning 10 d after the manipulations were performed, we checked the capsules daily for their development. At maturation, but prior to dispersal, we opened each fruit and counted the number of seeds present. Treatment effects were assessed using a one-way ANOVA (Sokal and Rohlf 1995) .
In 2003, nine haphazardly chosen flowers on each of 120 plants in YSF received one of the control, asymmetric, or severe treatments as described above. Each treatment was replicated three times on each plant. Extensive deer browsing left us with a complete data set from only 99 plants (297 flowers in each treatment group). We averaged the number of seeds produced per treatment for each individual plant and used a one-way ANOVA to evaluate treatment effects.
Results
In neither year did our floral manipulation treatments have a significant effect on seed production ( fig. 2 ). The 1998 data suggest that the symmetric treatment caused a reduction in fruit set; however, differences among treatment groups were not significant (F 3; 99 ¼ 0:551, P ¼ 0:648). Likewise, there were no significant differences among treatment groups in 2003 (F 2; 296 ¼ 0:837, P ¼ 0:434).
Discussion
Whenever statistical tests fail to reject the null hypothesis, the power of the experiment comes into question. In both field seasons, we failed to detect an effect of symmetry manipulation on seed set. This could be because there is no association Fig. 1 Experimental treatments on chasmogamous flowers of Impatiens pallida. The labels SYM, ASYM, SEV, and CTL denote the symmetrical, asymmetrical, severe, and control treatments, respectively.
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between floral symmetry and seed production in this system or because our sample sizes were too small to have a reasonable chance of rejecting the null hypothesis. To investigate these two possibilities, we calculated Cohen's f-statistic (Koele 1982, pp. 273-403; Cohen 1998) to determine the power of our experiments using the program G*POWER (Erdfelder et al. 1996 , http://www.psycho.uni-duesseldorf.de/aap/projects/ gpower/). Following the 1998 field season, a post hoc power analysis showed that we had ca. 27% power to detect the observed differences among the treatment group means (observed effect size ¼ 0:17). Drawing from these data, we calculated that a total sample size of 300 flowers (three treatments replicated on 100 plants) would yield 80% power to detect the differences among experimental treatments observed in 1998. Therefore, we increased our sample size in 2003 to three replicates of each of three treatments on 120 plants (total sample size ¼ 360, 1080 flowers used). An a priori power analysis showed that this design yielded more than 90% power to detect effect sizes as small as 0.20, which translated into a mean difference of 0.25 seeds per fruit among treatment groups. In 2003, however, the observed effect size was 0.06, and a post hoc power analysis showed that we had ca. 12% power to detect these differences among treatment groups. In order to achieve 80% power to detect these minute differences in seed production among treatments, we would have needed a total sample size of 3300 flowers in 2003 (each treatment replicated on 1100 plants). The sample size required to detect this difference is impractical, and the magnitude of the observed difference in seed production in 2003 is clearly biologically insignificant.
The combined results of our experiments and the post hoc power analyses indicate that the degree of floral asymmetry does not affect seed production in this system. In both field seasons, we failed to find evidence for an association between floral symmetry and seed set, and the experiment in 2003 had sufficient power to detect biologically significant differences in average seed production among the treatment groups. Because pollinators are required to set fruit, and treatments were replicated on all plants, it can be inferred that either bumblebee pollinators in this system do not preferentially visit symmetrical flowers over asymmetrical ones or that pollination is simply beyond saturation for female function. Our results are similar to Bell's (1985) study of Impatiens capensis. Through a series of experimental manipulations, he showed that decreases in floral size had no effect on seed production and that removals of the entire right or left lower lobe as well as the entire corolla had no effect on seed set (Bell 1985) . Wilson (1995) estimated male and female reproductive success in Impatiens pallida through measuring the amount of pollen remaining in the androecium and the amount of pollen deposited on stigmas, respectively. When he calculated selection gradients on various floral morphological traits through both reproductive functions, he found little evidence for an association between aspects of floral shape and pollen removal and deposition (Wilson 1995) . Our results are also consistent with two studies of the relationship between pollinator behavior and floral symmetry (Midgley and Johnson 1998; West and Laverty 1998) . Midgley and Johnson (1998) experimentally manipulated both the floral symmetry and the symmetry of floral markings in daisies and found that asymmetry did not negatively affect visitation by bee fly and beetle pollinators. Using artificial flower arrays, West and Laverty (1998) showed that flower-naive bees do not display an innate preference for symmetric over asymmetric flowers and do not show a learning or memory bias for symmetric over asymmetric rewarding flowers.
In contrast to our findings, studies using natural (Møller and Eriksson 1994, 1995; Møller 1995) and artificial (Lehrer et al. 1995; Møller and Sorci 1998) flowers have shown that insect pollinators are more attracted to symmetric flowers than to asymmetric ones. The contrasting results on the relationship between floral symmetry and reproductive success in I. pallida and Epilobium angustifolium (Møller 1995; Møller and Eriksson 1995) may be reconciled on consideration of the reproductive characteristics of each species. Both single bumblebee visits to and hand pollination of flowers are sufficient for maximum seed set per fruit in I. capensis (Randall and Hilu 1990) . Therefore, it seems plausible that single bumblebee visits to flowers of the very similar I. pallida would also transfer enough pollen to ensure full seed set. Conversely, E. angustifolium has roughly 500 ovules per (Parker et al. 1995) , and single pollinator visits to flowers with experimentally enriched nectar stores resulted in a maximal transfer of roughly 20 pollen grains, whereas visits to flowers with depleted nectar stores resulted in a maximum transfer of roughly five pollen grains (Galen and Plowright 1985) . These data indicate that although a single pollinator visit to an I. pallida flower may result in full seed set, perhaps as many as 25 pollinator visits to an E. angustifolium flower would be required for full seed set. Because multiple pollinator visits are required for maximum female reproductive success in E. angustifolium and there is the potential for tremendous variation in seed set among individuals, the opportunity for selection through female function on floral symmetry may be stronger in E. angustifolium compared with I. pallida. However, there still may be selection through male function for symmetric flowers in I. pallida.
In conclusion, the mixed results on the relationships among floral symmetry, pollinator visitation, and reproductive success may indicate that the direction and magnitude of these associations are strongly dependent on the reproductive characteristics and ecology of individual plant species. Future investigations such as these in other systems will shed light on whether floral symmetry is generally adaptive or is simply a by-product of the underlying genetic architecture.
